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Abstract 
The joint international project of Niigata University (Japan) – Korea Institute of Energy Research, KIER (Korea) on the “Solar 
demonstration of Water-Splitting Reactor using Ceramic Foam Device” aims to develop a novel-type of solar reactor with 
reactive cerium oxide foam devices for high-temperature two-step thermochemical water splitting cycle, and to demonstrate its 
performances on sun with a 45-kWth solar furnace.  The reactive CeO2 foam device for the two-step water splitting is proposed 
and prepared by Niigata University, Japan, and involves coating inert zirconia foam with reactive CeO2. The project includes the 
development of reactive foam devices, the new design and the fabrication of solar reactor with the reactive foam devices, and 
finally the solar demonstration on the KIER’s 45-kWth solar furnace in Korea. In this paper, highly-active CeO2 particles were 
used as a redox material for preparing CeO2 foam devices. A ceramic foam disk made of MgO partially-stabilized Zirconia 
(MPSZ) was used as a ceramic matrix that was coated with the CeO2 particles. Solar thermochemical two-step water splitting 
was demonstrated with solar furnace in Korea system using the prepared CeO2-coated MPSZ (CeO2/MPSZ) foam devices. The 
prepared CeO2/MPSZ foam device has a diameter of 15 and 20cm and thickness of 2.5 cm, the loading of CeO2 was set to 
approximately 20 wt%.  
Then, the temperatures of the foam device at a center position were 1400-1600ºC for the T-R step, and 900-1100ºC for the 
subsequent W-D step. Hydrogen was successfully produced from the CeO2-MPSZ foam by a solar thermochemical two-step 
water-splitting, and the rate of hydrogen production and CeO2 conversion using 15 cm CeO2/MPSZ foam device were 215.6 
mL/min and 3.67%, at  1st cycle. We also performed continuous testing for 20cm diameter of the CeO2-MPSZ device, the rate of 
hydrogen production and CeO2 conversion were 443 ml/min and 3.27%, 1st cycle. 
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1. Introduction 
Concentrated solar radiation is used as the energy source for high temperature process heat to drive chemical 
reactions towards the production of storable and transportable fuels. Various solar chemical receiver/absorbers or 
reactors with redox materials has been proposed, developed and tested for realizing hydrogen production using a 
concentrated solar radiation [1].  The concept of using metal oxides as substrate for thermochemical production of 
hydrogen was suggested by Nakamura(1977), in which cycling between Fe3O4 and FeO was demonstrated. [2] One 
of the major problems for this cycle is, however, the rapid deactivation of iron oxide particles in the cyclisation 
reaction. This is due to the high-temperature melting and sintering of the iron oxide particles. 
Among a variety of metal oxides, ceria has emerged as an attractive redox material due to its ability to rapid 
conduct oxygen contributing to fast redox kinetics, as compared to ferrite-based metal oxides. The two step water 
splitting cycle based on nonstoichiometric ceria is represented by [3] 
 
CeO2 ൺ CeO2-Ƃ + ͳൗʹ δ22      (Thermal Reduction or T-R step)     (1) 
CeO2-δ  + δH2O → CeO2 + δH2 (Water Decomposition or W-D step)     (2) 
 
The first step (Thermal reduction) is highly endothermic (∆H = 198 kJ/mol CeO2 at 2300 K) and heat is supplied 
by concentrated solar radiation and oxygen was released. In the reduction step, ceria is thermally reduced to a 
nonstoichiometric state and it can react with steam. The second step (Water decomposition) is exothermic (∆H = − 
125 kJ/mol at 700 K) and hydrogen was produced [4, 5]. By the several study, the suitability of ceria for 
thermochemical fuel production was tested in which thermochemical study and CO2 splitting with the reticulated 
pure ceria. [6] In the present study, CeO2/MPSZ ceramic foam device has proposed and tested which foam matrix is 
made of MgO – partially stabilized Zirconia (MPSZ). The reason of using MPSZ is that it has superior characteristic 
of heat-resistant and chemical corrosion resistance as compared with SiSiC and SiC[7]. The advantage of using a 
foam shape is that foam structure can effectively absorb light irradiation due to a large specific surface area. In this 
paper, CeO2/MPSZ foam device was newly made by supporting CeO2 powder on Zirconia foam matrix. 
 The ceria foam device water splitting reactor project, a joint research project between Niigata University/Japan 
and KIER(Korea Institute of Energy Research)/Korea, started in spring  2012. The reactive water splitting device 
was proposed and prepared by the present author of Niigata University/Japan and involves coating an inert zirconia 
foam with reactive CeO2. The objectives of project are to develop reactive foam devices with ceria as the working 
material, to design and fabricate a windowed solar reactor with the reactive foam device, and scale up of 
demonstration of solar chemistry process with 45 kWth KIER solar furnace. 
2. Preparation of a ceria foam device 
Figure 1 shows a representative photograph of ceria coated zirconia foam device. CeO2/MPSZ foam devices were 
prepared by using spin coating method [8]. The matrix of the ceramic foam devices was made of Zirconia.  The 
white-colored Zirconia foam had a diameter 150 and 200 mm, thickness of 25 mm and a cell size of 10 cpi (cell 
number per linear inch). The disk-shaped Zirconia foam was impregnated with containing slurry aqueous solution 
consisting of 10 g of CeO2 powder, 33 cm3 of the distilled water, 0.10 g of dispersant (Sodium polyacrylate) and 
0.10 of binder (Acrylic resin). The impregnation process was performed under reduced pressure in order to remove 
babble of air contained in the foam inside and homogeneously coat the Zirconia foam. The impregnated Zirconia 
foam was set in a spincoater and then was rotated at rates of 600-1000 rpm in order to remove excess slurry on the 
foam. After rotation, the foam was heated up to 1100 ଇ and the foam device was calcined for 1 h in an air stream. 
This process of spin coating was repeated 15 times. Consequently, the CeO2 loaded foam device was calcined at 
1350 ଇ for 1 h in an air stream. 
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Fig 1. A photograph of the prepared CeO2/MPSZ foam device 
 
 
Table 1. CeO2/MPSZ foam device tested 
Diameter (mm) Thickness (mm) Weight of Device (g) Weight of loaded CeO2 (g) Ceria loading (wt %) 
Mole of loaded CeO2 
(mole) 
150 25 473 82.88 17.5 0.4818 
200 25 993.5 190.752 19.2 1.109 
 
3. Solar demonstration of CeO2 /MPSZ foam device 
3.1. Solar reactor 
A unique feature of solar chemical reactors is that the source of process heat is concentrated solar energy [9]. 
Directly irradiated reactors have the advantage of providing efficient radiation heat transfer directly to the 
reaction site where the energy is needed. By the appreciate condition, direct irradiation may enhance photochemical 
kinetics. The solar reactor equipped transparent quartz window to pass concentrated solar radiation for directly 
heating redox materials [10]. Figure 2 is the schematic drawing of reactor closed to outside. For the quench of the 
large quartz window (267 mm), aperture flange in which involved inert cooling channel was connected to the 
distilled water chiller. The major component of solar reactor is a conical cup for holding the device made by Inconel 
steel connected to reactor main body and a quartz window for access of concentrated solar radiation. Furthermore, to 
avoid the subservient reaction, the inner surface of main reactor body in which made by stainless steel 304 was 
covered by Inconel steel sheet. The inner diameter is 269 mm due to for next trial of several different device sizes 
and length of the solar reactor was 390 mm, respectively. The inlet ports were distributed to 4 lines; it is connected 
to the annular gap which is designed inside of the reactor by circumference direction around of device. Outlet was 1 
port which is passing the gas that penetrated the foam device. For the measurement of temperature on the foam 
device surface, several thermocouples were mounted in the reactor, and the front of the foam device, the R-type 
thermocouples in the central area of device 2, the side area 1, and the back side of the device K-type thermocouple 2 
was installed. One of the R-type thermocouple which is installed into the center of the front of device is suggested to 
monitoring of temperature distribution, and another one is for the providing the reference temperature value to 
control the blind of solar furnace system. Figure 3 is the photographs of solar reactors aperture where equipped with 
foam device and thermocouples. In order to fixate the thermocouples which are front of the device, high temperature 
adhesive was used as figure 4. 
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Fig 2. Design of windowed solar reactor used for the solar demonstration. 
 
 
 
Fig 3. Photographs of fabricated solar reactor used for the solar demonstration 
 
Fig 4. Photograph of solar reactor aperture 
 
3.2. KIER 45kWth Solar furnace system 
Figure 5 and table 2 shows a photograph and specifications of 45kWth KIER solar furnace system. The solar 
furnace system was installed in KIER(Korea Institute of Energy Reseach), Korea. The area of heliostat and 
parabolic reflector are 87.35 m2 and 61.82 m2, focal length is 4.98 m [11]. Heliostat consist of  small pieces of flat 
type mirror and the reflectivity of the mirror is 0.80 around. Parabolic reflector consist of 144 curved shape mirror 
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and the reflectivity is 0.91 around. And the rim angle of  the parabolic reflector is 48.  The thermal capacity of the 
system is about 45 kW thermal and the maximum concentraion ratio is 5050 suns. KIER solar furnace system  
include the  blind and shutter for the control of  the intensity reflected solar radiation [12, 13].  
 
 
Fig 5. A photograph of KIER 45kWth Solar furnace system 
 
Table 2. Specification of 45 kWth KIER solar furnace system 
Heliostat area (m2) Parabolic mirror area (m2) Distance from two reflector (m) Focus length (m)  Rim angle () 
87.35 61.82 35 4.98 48 
 
3.3. Solar demonstration of water splitting reaction cycle 
Figure 6 is represents experimental setups of the T-R and W-D steps of thermochemical two-step water splitting 
cycle conducted by use of the CeO2/MPSZ foam device. A highly purity (99.99%) N2 gas stream of 4000 mL/min 
was introduced from the inlet of the foam device into the solar reactor and passed through the foam device in the 
outlet line connected with the backside of the reactor. The solar reactor in which set up on the table in stair between 
heliostat and parabolic reflector was exposed to a concentrated solar radiation by solar furnace concentrating system. 
The surface of the ceramic foam device was set on backside 7-8 cm position from the focal point of the concentrated 
solar furnace system. Because of the flux distribution of 45 kWth KIER solar furnace is similar to Gaussian 
distribution, focal distance of foam device was considered to obtain more uniform flux distribution. Before the T-R 
step, it takes the time to the heat up the reactor body. Figure 7 is the photographs of solar reactor under the 
concentration of solar radiation. One side of the CeO2/MPSZ foam device was irradiated for 30-60 min in order to 
perform the T-R step. The temperature of CeO2/MPSZ foam device for T-R step was controlled 1400-1600 ଇ using 
R-type thermocouple placed at the center and side. After the T-R step, concentrated irradiation intensity was 
decreased using the blind shutter control for subsequent step and the gas stream introduce into the solar reactor was 
changed from N2 to H2O/N2 mixture inside of steam generator in order to perform the W-D step. By the DNI (Direct 
normal Irradiation) data acquiring real-time, the blind shutter was opened and closed automatically in order to set 
the aim temperature. The temperature of CeO2/MPSZ foam device for the W-D step was controlled at 800-1100 ଇ. 
An H2O/N2 gas mixture was produced by steam generator that designed coil type structure with 3 kWe heat capacity 
and distilled water was supplied 3-5 mL/min(liquid) to the steam generator by peristaltic pump during 20-60 
min(W-D step). The T-R and W-D steps were repeated in alternately 7 cycles at a maximum with 15 cm 
CeO2/MPSZ ceramic foam device and 20 cm CeO2/MPSZ ceramic foam device 1 cycle [5]. 
After the W-D step in each cycle, the remaining hydrogen and steam in the reactor were exhausted by passing N2 
gas through the reactor. This passing of N2 gas was continued for several minutes before the next T-R step. During 
the purging of remained steam, the temperature of CeO2/MPSZ ceramic foam device was persisted W-D step 
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condition. 
A parts of effluent gas was sampled and hydrogen concentration in the effluent gas was determined by gas 
chromatography (GC; Younglin Acme 6000) using TCD (thermal conductivity detector) with 3 min interval. The 
amount of hydrogen evolved during the W-D step was determined to the profile of hydrogen production.  
 
Fig 6. Experimental setup of the T-R and W-D step of thermochemical two-step water splitting system 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 7. The Photographs of solar reactor during the focusing of solar radiation 
 
4. Experimental results and discussion 
Figure 8 shows a time variation of the foam device temperature and hydrogen production rate of 1st cycle of 
thermochemical two-step water splitting cycle with 15 cm (17.5 wt %) CeO2/MPSZ foam device. The experiment of 
solar-driven demonstration were performed 16/10/2012 – 20/11/2012 in KIER, Daejeon, Korea. The temperatures of 
the device at the center position was recorded 1400 – 1600 ଇ for T-R step, and 700 – 1100 ଇ for the subsequent 
W-D step. Because of the sun condition, experiment time was limited to one or two cycles per day. After the one 
day experiment, the temperature of reactor and foam device was cooled down to ambient temperature naturally. On 
other hand, when the weather conditions were possible to two cycles per day, the temperature was kept 1000ଇ 
between the cycles. Figure 9, 10 shows hydrogen production rate profile during the W-D step of the each of cycles. 
As can be seen here, hydrogen was successfully produced from CeO2/MPSZ foam device by the thermochemical 
two-step water-splitting cycle with the KIER 45kWth solar furnace.  
The rate of solar hydrogen production during the W-D step rapidly increased after steam injection, and attained to 
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a maximum rate. After reach to the maximum rate, the hydrogen production during the W-D step gradually 
decreased. The amount of hydrogen production was calculated from the integration of the profile. Table 3 is shows 
the total hydrogen production amount of each of cycles and experiment condition. During the 3rd and 4th cycles with 
15cm (17.5 wt %) CeO2/MPSZ foam device, the adhesive material which used inside of solar reactor for supporting 
the thermocouple was melted then black materials attached inside of reactor and quartz window surface. Figure 11 is 
the photograph of black materials which attached reactor inside and result of SEM (Scanning electron microscope). 
The result of SEM shows almost of black materials is carbon 90% over. Then during 4th cycle, quartz window was 
damaged due to these carbons were clung to the surface of quartz and increased the temperature of quartz. So the 
thermocouples install method and quartz window was changed in order to improvement of demonstration. After the 
thermocouple installation method change, during the preheating time of 5th cycle the remained carbon was removed 
by the N2 stream almost and the two-step water splitting cycle was performed 3 cycles more. After the 7th cycle with 
15cm CeO2/MPSZ foam device, then 20cm CeO2/MPSZ foam device was tested. 1 cycle was performed at 
20/11/2012. Figure 12 shows the records of temperature and hydrogen production rate of 1 cycle by the 20 cm 
CeO2/MPSZ foam device. 
 
Fig 8. The Temperature of foam device during experimental and Hydrogen production rate (15 cm device) 
 
Table 3. Total amount of hydrogen production and conversion 
Cycle Number 1 2 3 4 5 6 7 1 
Date 2012_10_16 2012_10_18 2012_10_19 2012_10_28 2012_11_20 
Device 17.5 wt% / 15 cm 19.2 wt% 20cm 
T-R step 
Time (min) 
45 45 55 30 15 30 35 40 
W-D step 
Time (min) 
30 40 30 30 30 30 30 25 
Total amount 
 (mL) 
215.6 127.1 728.1 1183 116.3 654.5 1347.7 443 
Conversion 
(%) 3.67 2.16 12.39 20.12 1.98 11.13 22.93 3.27 
 H.S. Cho et al. /  Energy Procedia  49 ( 2014 )  1922 – 1931 1929
0
20
40
60
80
100
0 20 40 60
H
2 
pr
od
uc
tio
n 
ra
te
(m
L
/m
in
) 
Time (min) 
1st cycle 
0
20
40
60
80
100
0 20 40 60H
2 
pr
od
uc
tio
n 
ra
te
(m
L
/m
in
) 
Time (min) 
2nd cycle 
  
 
 
 
 
 
 
 
 
 
 
 
Fig 9. The Hydrogen production rate of each cycle using 15 cm (17.5 wt%) foam device (4th and 7th cycle has different Y-axis scale)  
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Fig 10. The Hydrogen production rate of 1st cycle using 20 cm (19.2 wt%) foam device 
 
Fig 11. The melted adhesive material (carbon based) and SEM result 
Fig 12. The Temperature of foam device during experimental and Hydrogen production rate (20cm device) 
 
After the solar demonstration, hydrogen was produced successfully with CeO2/MPSZ foam device. And the 
results show significant information for up scaled solar reactor and clues of improvement to large scale solar fuel 
production system. 
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Fig 13. The change of device color (dark color) - 20cm device 
 
(1) By the 15 cm CeO2/MPSZ foam device, The Solar-driven demonstration of thermochemical two step water 
splitting cycle using ceria coated zirconia foam device was performed successfully. Trough 7 cycles with 
15cm (17.5 wt %) foam device, total hydrogen amount reached 4573 mL. And with the 20 cm CeO2/MPSZ 
foam device, cycle numbers will be expanded more in the near future. 
Especially, the amount of hydrogen production in 4th cycle is higher than other results. This result has a 
possibility of the additional reaction. Carbon can participate to reactions which produce the hydrogen as 
following equation. (C + H2O ൺCO + H2) After the 4th cycle, the carbons were excreted by the N2 purging. 
(2) The activated area which parts of oxygen released from cerium oxide on the foam device is related with 
the solar irradiation intensity. The concentrated solar radiation by the dish reflectors has not homogeneous 
flux distribution. It was observed by the CCD camera in which installed to center of dish reflector.  Figure 
13 shows the different color change on the foam device due to the inhomogeneous flux intensity. To 
increase the reduction area of disk-shaped foam device, the flux intensity on the foam device surface has to 
consider carefully. In the near future, it can be enhanced by the device shape change or reactor redesign 
involving secondary flux diffuser or CPC in front of solar reactor. 
(3) After the every water decomposition step, the remained dark color area on the foam device where 
hydrogen produce reaction was not occurred was observed.  It means loss of the opportunity in which 
hydrogen production process. On other hand, it is related with the internal flows of steam and N2/H2O gas 
mixture and partial pressure of steam. For the complete reaction from the activated surface, these factors 
have to optimize with consideration of solar reactors inside structure. In the near future, new device shape 
with redesigned solar reactor will be tested with compensated these factors. 
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